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ABSTRACT
We probed stellar X-ray activity over a wide range of stellar parameters, using Chandra and LAMOST
data. We measured the X-ray-to-bolometric luminosity ratio (RX = LX/Lbol) for 484 main-sequence
stars, and found a bimodal distribution for G and K types. We interpret this bimodality as evidence
of two sub-populations with different coronal temperatures, which are caused by different coronal
heating rates. Using the metallicity and velocity information, we find both of the two sub-populations
are mostly located in the thin disk. We find no trend of RX with stellar age for stars older than ∼
4 Gyr; there is a trough in the RX vs age distribution, with the lowest range of RX appearing at
ages around 2 Gyr. We then examined the correlation between RX and RHα (proxy of chromospheric
activity): we find that the two quantities are well correlated, as found in many earlier studies. Finally,
we selected a sample of twelve stars with X-ray flares, and studied the light-curve morphology of the
flares. The variety of flare profiles and timescales observed in our sample suggests the contribution of
different processes of energy release.
Keywords: X-rays: stars – stars: activity – stars: late-type
1. INTRODUCTION
Stellar activity has been extensively explored in the
X-ray regime for nearly forty years (Vaiana et al. 1981;
Schmitt et al. 1985; Rosner et al. 1985). From the
Einstein mission, X-ray observations have shown that
X-ray emission is prevalent among almost all stellar
classes (e.g., Stocke et al. 1983; Maccacaro et al. 1988;
Stocke et al. 1991), although with different mechanisms
for early and late-type stars (see Narain & Ulmschneider
1990; Gu¨del 2004, for a review). In general, the hottest
and most massive stars emit X-rays arising from either
small-scale shocks in their winds or collisions between the
wind and circumstellar material (Lucy & White 1980;
Parkin et al. 2009), while X-ray emission from late-type
stars is attributed to the presence of a magnetic corona
(Vaiana et al. 1981). Previous studies have made signif-
icant progress, both observationally and theoretically, in
understanding the correlation between corona and mag-
netic fields (e.g., Klimchuk 2006; Cranmer et al. 2007).
However, some detailed physical processes, such as coro-
nal heating, are still poorly understood, and remain open
issues in current astrophysics.
The study of stellar activity is important because it
can provide new constraints for magnetic dynamo mod-
els. A number of proxies have been used to study
the activity of different stellar components, such as the
corona (X-ray emission), the chromosphere (Ca II HK;
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Mg II; Hα; optical flares; NUV flux), the transition
region (FUV flux), and the photosphere (star spots).
Observations have revealed empirical scalings of these
proxies, and therefore of magnetic activity, with rota-
tion period or Rossby number, the latter of which is
a ratio of rotation period to convective turnover time
(e.g., Pallavicini et al. 1981; Vilhu 1984; Micela et al.
1985; Pizzolato et al. 2003; Wright et al. 2011; Gondoin
2012; Mathur et al. 2014; Blackman & Thomas 2015). It
is believed that the generation of magnetic energy by
large-scale dynamo action is driven by rotation and con-
vection (Charbonneau 2010; Reiners et al. 2014). In the
solar-type dynamo mechanism (αΩ dynamo), the mag-
netic field is generated in the deep convection zones due
to the interior radial differential rotation; the magnetic
field then rises to the photosphere and produces chromo-
spheric heating through the interaction with the upper-
most convection zones (e.g., Cardini & Cassatella 2007;
Cincunegui et al. 2007).
In parallel with the uncertainty on the physical heating
processes, the magnetic activity evolution also remains
unclear. Although many authors have investigated the
dependence of chromospheric and coronal emission levels
on the stellar age and evolutionary stage, the results are
still under debate and improved (Pizzolato et al. 2003;
Lyra & Porto de Mello 2005; Pace 2013; Zhao et al.
2013; Booth et al. 2017). In general, stellar activity
and rotation are observed to decay with stellar age
(Wilson 1963; Kraft 1967; Skumanich 1972; Simon et al.
1985; Pace & Pasquini 2004; Cardini & Cassatella 2007;
Mamajek & Hillenbrand 2008). Furthermore, the coro-
nal and chromospheric emission have been used as
age indicators (Soderblom et al. 1991; Donahue 1993;
Lachaume et al. 1999; Mamajek & Hillenbrand 2008;
Soderblom 2010; Jeffries 2014). However, the age-
activity relation constructed from X-ray emission is quite
uncertain, since the X-ray flux is significantly variable
(Soderblom 2010). More effort is needed to better un-
derstand the activity evolution and to improve the age-
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activity relation as a dating technique.
A large sample of late-type stars with known stellar
parameters is well suitable to investigate stellar activity
and to explore the correlation between stellar activity
and other stellar properties. These are helpful for under-
standing coronal heating processes, as well as the evo-
lution of stellar X-ray activity. Moreover, the study of
magnetic activity, especially the UV and X-ray emission,
helps us refine our knowledge of the habitable zone of ex-
oplanets (e.g., Gu¨del et al. 2014; Robertson et al. 2015;
Gallet et al. 2017). In this paper, we use the Chandra
data archive and the Large Sky Area Multi-Object Fiber
Spectroscopic Telescope (LAMOST) database to provide
a sample of stars with X-ray emission and accurate stellar
parameters. In Section 2, we introduce the sample selec-
tion and data reduction process. Section 3 presents the
results and some discussions, including the X-ray activity
in different stellar types, the bimodality of X-ray activ-
ity of G and K types, the relation between X-ray activity
and age, the relation between X-ray and chromospheric
activity, and the light-curve morphology of flares.
2. SAMPLE SELECTION AND DATA REDUCTION
2.1. Sample Selection
To estimate the RX (= LX/Lbol) of different stellar
types, we first cross-matched the Chandra point source
catalog (Wang et al. 2016b) and the LAMOST database
(DR4), using a radius of 3′′. This led to 2638 unique
Chandra sources with 3502 LAMOST spectral obser-
vations. To calculate the likelihood of mismatch, we
shifted the positions of Chandra sources by 1′, and cross-
matched them with the LAMOST catalog again using the
same radius. In this case, we obtained 76 matches, and
we conclude the likelihood of mismatch is about 2.88%.
In order to have a reliable estimation of stellar pa-
rameters, we only used spectra with signal-to-noise ratio
(SNR) higher than 7 in the r band. There are four kinds
of classes in the LAMOST database, including “STAR”,
“GALAXY”, “QSO”, and “Unknown”, and we excluded
those objects with the latter three classifications. In ad-
dition, some objects classified as “STAR” are actually
globular clusters or galaxies. To exclude them, we cross-
matched the sample sources with SIMBAD database
7 and checked the spectra by eye. Young stellar ob-
jects were also excluded following SIMBAD classifica-
tion (e.g., young stellar object, pre-main sequence star,
Orion type, T Tau star, Herbig-Haro Object, and Herbig
Ae/Be star). In summary, up to 2023 LAMOST obser-
vations were excluded, including 582 observations with
low SNR, 311 observations classified as “Unknown”, 41
observations of 31 globular clusters, 757 observations of
648 galaxies and QSOs, 254 observations of 179 young
stellar objects, 71 observations of 31 binaries, and seven
observations of four other sources (one planetary nebula,
two white dwarfs, and one cataclysmic variable). This
led to 1086 unique X-ray sources with 1479 spectral ob-
servations.
2.2. Chandra Data Analysis
The subarcsecond spatial resolution of Chandra al-
lows X-ray sources to be matched unambiguously to
7 http://simbad.u-strasbg.fr/simbad/
multiwavelength counterparts. Our primary database is
the Chandra point source catalog (Wang et al. 2016b),
which includes 363,530 source detections, belonging to
217,828 distinct X-ray sources. To determine the photon
counts of the sample sources, firstly we used wavdetect
to construct the 3σ elliptical source region for each de-
tection, by fitting a 2D elliptical Gaussian to the dis-
tribution of (observed) counts in the source cell. The
broad band count rate (0.5–7 keV) and flux were then
extracted with srcflux, which determines the net count
rate (NET RATE APER) and model-independent flux
(NET FLUX APER) given source and background re-
gions. We defined the background region as an elliptical
annulus around the source region, with the inner/outer
radii as 2/4 times the radii of the source ellipse.
Some sources in our sample were observed more than
once by Chandra. In some cases, a source was detected
by wavdetect in one observation but not detected in
another observation. We calculate an upper limit using
the 4σ detection threshold, which is a function of the
off-axis angle and the background level (see Wang et al.
2016a, for details).
2.3. LAMOST Data
The LAMOST (also called the Guo Shou Jing Tele-
scope) is a reflecting Schmidt telescope with an effective
aperture of 4 m and a field of view of 5 degrees (Cui et al.
2012; Zhao et al. 2012). Four thousand fibres are config-
ured on the focal surface, which enables the observation
of up to 4000 objects simultaneously. The spectral res-
olution is R ∼ 1800 over the wavelength range of 3690–
9100 A˚. After a five-year regular survey 8 started in 2012,
more than eight million spectra have been obtained. Stel-
lar parameters, including effective temperature, surface
gravity, metallicity, radial velocity, distance, and red-
dening, have been estimated by several studies (e.g.,
Wu et al. 2011; Wang et al. 2016; Xiang et al. 2017b).
Such parameters can be used in many fields and may
eventually revolutionize our knowledge of stellar evolu-
tion and the structure of the Milky Way. In this paper,
we used the spectra from the DR4 database.
2.4. Photometric Data
We first collected the V -band magnitude from the
UCAC4 catalog (Zacharias et al. 2013). For objects
without a UCAC4 V -band magnitude, we calculated
it using the g and r magnitudes from Pan-STARRS
(Flewelling et al. 2016), following Jester et al. (2005):
V = g − 0.59× (g − r) − 0.01. (1)
There is a small systematic offset (∼ 0.1 mag) between
the V magnitudes of UCAC4 and Pan-STARRS, esti-
mated using common objects in the sample (Figure 1).
In summary, there are 484 X-ray sources with complete
stellar parameters (i.e., V mag, reddening E(B− V ), ef-
fective temperature Teff , surface gravity logg, and dis-
tance). We listed X-ray properties in each Chandra ob-
servation for the sample sources in Table 1. We also
listed LAMOST parameters for the sample stars in Ta-
ble 2, including the subclass classification from Luo et al.
(2015); the Teff , logg, E(B−V ), [Fe/H], [α/Fe], and dis-
tance from Xiang et al. (2017b); the age and mass from
8 http://www.lamost.org/public/node/311?locale=en
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Figure 1. Comparison of V magnitudes from UCAC4 and Pan-
STARRS for common objects in the sample.
Xiang et al. (2017a). Figure 2 shows the sky distribution
of the sample sources in Galactic coordinates.
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Figure 2. Sky distribution of the sample sources in this paper,
in Galactic coordinates.
3. RESULTS AND DISCUSSION
In this paper, we used the ratio of X-ray to bolometric
luminosities, RX , as the X-ray activity indicator. In the
X-ray band, first, we calculated an exposure-weighted
averaged X-ray flux for each star. Then, we converted it
to the 0.3–8 keV band using PIMMS 9 with an APEC
model (coronal temperature logT = 6.5: Schmitt et al.
1990). The hydrogen column density (NH) was converted
from individual optical extinction:
NH(cm
−2) = 2.19× 1021AV (mag) (2)
(Zhu et al. 2017). The X-ray luminosity (LX) was de-
termined from the unabsorbed flux (fX) and distance.
The bolometric magnitude (Mbol) was estimated from
the apparent V -band magnitude, reddening, bolometric
correction, and distance:
Mbol = V −AV −BCV −DM, (3)
9 http://cxc.harvard.edu/toolkit/pimms.jsp
where AV = 3.1× E(B − V ), BCV were obtained from
Bertone et al. (2004) for dwarfs and giants with differ-
ent temperatures, and DM is the distance modulus term
calculated from the distance. The bolometric luminosity
(Lbol) was then calculated using
log Lbol = −0.4× (Mbol −Mbol,⊙) + log Lbol,⊙. (4)
The bolometric magnitude and luminosity for the Sun is
4.74 mag and 3.84×1033 erg s−1 (Carroll & Ostlie 1996).
Finally, the RX was calculated for the sample stars.
We should note that the unabsorbed X-ray flux, con-
verted from the absorbed X-ray flux using PIMMS, is
dependent on the coronal temperature set in the APEC
model. To evaluate the influence on the RX , we re-
estimated the unabsorbed X-ray flux with a higher tem-
perature (logT = 7). Using the median value of NH
(5.2 × 1020 cm−2) for the sample stars, the unabsorbed
X-ray flux fX decreases by ∼ 28%. This will lead to a
decrease of logRX by ∼ 0.14. The variation of RX would
not affect the following analysis too much.
We also calculated the X-ray hardness ratio, HR =
(c2 − c1)/(c1 + c2), where c1 is the counts of the soft
band (0.3–1 keV) and c2 is the counts of the hard band
(1–8 keV). These parameters are listed in Table 3.
3.1. X-ray Activity in Different Stellar Types
Figure 3 displays the distributions of LX and RX for
stars from spectral type A through M. Most M type stars
in LAMOST have poorly constrained values of logg and
distance. Therefore, only few M type stars were included
in our sample.
The LX distribution of late-type stars (G-type or later)
extends to significantly lower luminosities than early-
type stars. The F, G, and K stars show a fairly wide
range of emission levels, with X-ray luminosity ranging
from 1027 to 1033 ergs s−1. In these types, giants are
clearly X-ray brighter than dwarfs. The F, G, and K
giants are the brightest X-ray sources in our sample.
In general, late-type stars have more active ones
(higher RX) than early-type stars. Considering the sim-
ilarity with solar emission, such as thermal emission-line
X-ray spectrum and flares, it was suggested that X-ray
emission from late-type stars originates from stellar coro-
nae that are similar to the Sun, although sometimes
much more active (Peres et al. 2000). The RX values ex-
hibit a wide range for stars with similar effective temper-
atures and surface gravities (also see Figure 4). This may
represent an intrinsic range of stellar activity, although
it may suffer from some uncertain factors, e.g., solar-
like cyclic behaviour due to dynamos (Baliunas et al.
1995; Ola´h & Strassmeier 2002), long-term variation of
stellar activity such as the Maunder minimum phase of
solar-type stars (Baliunas & Jastrow 1990; Henry et al.
1996; Saar et al. 1998; Gray et al. 2003), and variable
X-ray emission (Soderblom 2010). The RX ranges for
each stellar type found in this paper are consistent with
those observed by previous studies (Pizzolato et al. 2003;
Mamajek & Hillenbrand 2008; Wright et al. 2011). This
suggests that, as expected, the vast majority of these
LAMOST spectra are Chandra source counterparts.
There are about twenty A-type stars showing X-ray
activity. Generally, A-type stars are thought to be X-
ray dark, since none of the X-ray production mecha-
nisms operating in early- or late-type stars, i.e., strong
4 He et al.
Table 1
X-ray information for the stars in our sample.
Object ObsID Detector Exp. Time MJD VigF Count Rate absorbed flux Flag
(s) (ks−1) (10−15 erg cm−2 s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
J001208.1+503015 1864 s3 5876.3 51898 0.947 1.53−0.75
+1.06
3.3−1.6
+2.3
J001313.2+000250 4829 s3 6658.7 53183 0.975 0.58−0.37
+0.66
4.2−2.8
+4.9
J002756.6+261651 14012 i3 21692.2 56194 0.762 16.0−1.4
+1.4
184−16
+16
3249 i3 9977.0 52451 0.975 34.7−3.1
+3.1
259−23
+23
J003254.4+393821 12991 s2 34587.1 55738 0.636 0.18−0.1
+0.16
3.2−1.8
+2.7
9525 s3 34732.2 54739 0.841 0.27−0.13
+0.19
1.61−0.80
+1.11
J003802.9+400824 2046 s2 14765.9 51853 0.579 1.36−0.53
+0.65
18.8−7.3
+9.0
J003823.9+401250 2046 s2 14765.9 51853 0.67 28.5−2.3
+2.3
176−14
+14
2048 s3 13772.2 52093 0.513 19.6−2.0
+2.0
93.5−9.3
+9.4
J003831.2+401711 2046 s3 14762.8 51853 0.994 0.8−0.33
+0.46
1.59−0.66
+0.91
2047 s3 14585.9 51974 0.974 1.02−0.38
+0.5
2.9−1.1
+1.5
2048 s3 13772.2 52093 0.924 0.35−0.21
+0.34
1.01−0.61
+1.01
J004118.6+405159 2049 s2 14568.4 51853 0.564 8.6−1.3
+1.3
50.4−7.6
+7.7
2902 i0 4695.0 52614 0.798 7.3−1.9
+2.3
57−15
+18
J004301.5+411052 10551 i2 3964.7 54840 0.805 < 2.26 < 29.5 u
Note. — The columns are: (1) object; (2) observation ID; (3) the detector on Chandra ACIS; (3) exposure time after deadtime
correction; (4) Modified Julian Date for the beginning point of the observation; (6) vignetting factor; (7) net count rate in the 0.5–7 keV;
(8) absorbed X-ray flux in the 0.5–7 keV. (9) “u” means the source is not detected in this observation, and an upper limit is estimated.
(This table is available in its entirety in machine-readable and Virtual Observatory (VO) forms in the online journal. A portion is shown
here for guidance regarding its form and content.)
Table 2
LAMOST information for the stars in our sample.
Object Subclass Teff logg E(B-V) [Fe/H] [α/Fe] Distance Age Mass
(K) (pc) (Gyr) (M⊙)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
J001208.1+503015 G2 6010±61 4.56±0.11 0.07 -0.07±0.06 0.04±0.1 265±26 ... ...
J001313.2+000250 F6 6340±117 4.3±0.22 0.09 0.08±0.17 0.15±0.14 641±218 ... ...
J002756.6+261651 G9 5388±146 4.33±0.11 0.04 -0.05±0.08 0.12±0.1 147±13 ... ...
J003254.4+393821 K1 5446±211 4.41±0.11 0.08 0.31±0.11 ... 723±127 ... ...
J003802.9+400824 G2 5871±60 4.61±0.11 0.05 0.02±0.06 0.06±0.1 272±23 ... ...
J003823.9+401250 F9 5729±60 3.38±0.09 0.06 -0.04±0.1 0.04±0.1 1286±138 ... ...
J003831.2+401711 G8 5259±121 4.03±0.18 0.1 -0.01±0.14 0.03±0.11 1337±364 ... ...
J004118.6+405159 G3 5732±68 4.36±0.11 0.11 -0.13±0.09 0.04±0.1 506±87 12.0±2.9 0.91±0.06
(This table is available in its entirety in machine-readable and Virtual Observatory (VO) forms in the online journal. A portion is shown
here for guidance regarding its form and content.)
Table 3
Key results for the stars in our sample.
Object V Mbol unabsorbed fX LX logRX HR Flag
(mag) (mag) (10−15 erg cm−2 s−1) (erg s−1)
(1) (2) (3) (4) (5) (6) (7) (8)
J001208.1+503015 11.71±0.09 4.57 6.2±3.5 5.2e+28±3.2e+28 -4.94±0.27 -0.43±0.53 u
J001313.2+000250 12.48±0.11 3.46 8.2±7.2 4.0e+29±4.5e+29 -4.49±0.48 -0.52±0.99 u
J002756.6+261651 11.62±0.1 5.63 350±32 9.0e+29±1.8e+29 -3.27±0.10 0.1±0.04 u
J003254.4+393821 14.55±0.1 5.10 4.5±2.2 2.8e+29±1.7e+29 -3.99±0.27 0.72±0.34 u
J003802.9+400824 12.21±0.11 4.98 33±14 2.9e+29±1.3e+29 -4.03±0.20 -0.22±0.33 u
J003823.9+401250 12.3±0.11 1.71 244±22 4.8e+31±1.1e+31 -3.11±0.11 0.21±0.04 u
J003831.2+401711 15.4±0.12 4.54 3.7±1.1 8.0e+29±5.0e+29 -3.76±0.27 -0.5±0.2 u
J004118.6+405159 12.69±0.11 4.07 109±16 3.3e+30±1.2e+30 -3.33±0.17 -0.11±0.09 u
Note. — The columns are: (1) object; (2) extinction-corrected V -band magnitude; (3) bolometric magnitude; (4) unabsorbed X-ray flux
in the 0.3–8 keV; (5) X-ray luminosity in the 0.3–8 keV. (6) X-ray-to-bolometric luminosity ratio; (7) Hardness ratioHR = (c2−c1)/(c1+c2).
c1 and c2 represent background-subtracted counts in soft (0.3-1 keV) and hard (1-8 keV) band, respectively. (8) “u” means V magnitude
from UCAC4, while “p” means V magnitude from Pan-STARRS.
(This table is available in its entirety in machine-readable and Virtual Observatory (VO) forms in the online journal. A portion is shown
here for guidance regarding its form and content.)
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Figure 3. Left panel: Histograms showing the distributions of LX for stars from A to M type. These histograms plotted with blue vertical
lines, green slashes, and shaded area indicate giants, dwarfs, and all stars. The range of solar X-ray luminosity is 1026.8–1027.9 ergs s−1
(Judge et al. 2003), covering a typical solar cycle. Right panel: Histograms showing the distributions of RX for stars of spectral type A
through M. These histograms plotted with blue vertical lines, green slashes, and shaded area indicate giants, dwarfs, and all stars. The
logRX of the Sun varies from −6.8 to −5.7 in a typical solar cycle.
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winds and convection zones, ought to be valid for A-type
stars. Previous studies suggested that the X-ray emit-
ting A-types are mostly pre-main sequence (i.e., Herbig
Ae/Be) stars or binaries (Zinnecker & Preibisch 1994;
Pease et al. 2006; Schro¨der & Schmitt 2007). In the bi-
nary scenario, the X-ray emission is from an unresolved
low-mass companion, often of spectral type dK or dM
(Golub et al. 1983; Panzera et al. 1999). We have ex-
cluded the identified pre-main sequences and binaries
(eclipsing binaries and spectral binaries) from our sam-
ple. This does not imply that the X-ray emission from
the remaining A-type stars is intrinsic from the stars,
because even those sources could still be unrecognized
binaries.
From an inspection of the X-ray properties of our sam-
ple stars across the Hertzsprung-Russell diagram (Figure
5, left panel), we find that M dwarfs have the highest
RX but the lowest LX values; this confirms the trend
previously noted by Gu¨del (2004). There are 51 stars
with logg smaller than 3.5, which can be classified as
giants. This confirms the conclusion of previous studies
(Simon & Drake 1989; Aurie`re et al. 2015) that late-type
giants can have (high) stellar activities. Among these
giants with high RX values, some are very interesting.
For example, the object J194707.6+445251 is an F5 star
with the highest logRX value (≈ −1.2) among giants. It
has a radio counterpart within a 1′′.5 radius, called 4C
44.35 (Vollmer et al. 2010). The possible radio emission
suggests the presence of magnetic fields and high-energy
electrons (Gu¨del 2002). However, the high X-ray and ra-
dio emission are too high for a “normal” F-type giant.
The X-ray and radio emission are possible to be a chance
coincidence with one background AGN, or from the ac-
cretion process, which means the F star is in an accreting
binary.
Stellar X-ray emissions are variable (Soderblom 2010),
and X-ray fluxes vary for any spectral type (Figure 6).
In our sample, 126 stars were observed more than once
by Chandra. About half of them have an X-ray flux
variation higher than 2. The object J131159.5-011705
has the highest flux variation (∼36), and the variation
is not due to a flare event. The flux variation would
affect the correlations between RX and other activity
indicators and stellar parameters, which may produce
dissimilar results for non-simultaneous observations.
3.2. The Bimodality of X-ray Activity
The RX distributions of G and K stars show clear bi-
modality (Figure 3). For G stars, there are more inactive
stars than active ones, while for K stars, more active stars
are apparent. We used double-gaussian functions to fit
these RX distributions: the peaks for the G type are
−4.35 and −3.3, with σ being 0.47 and 0.33; the peaks
for the K type are −4.49 and −3.18, with σ being 0.64
and 0.27.
The Chandra data are drawn from targeted observa-
tions, which means that our sample is inhomogeneous.
Therefore, it is necessary to check whether the bimodal-
ity is a result of the sampling effect, e.g., two populations
of stars in different parts of the Galaxy. We divided the
G- and K-type stars into two sub-samples, corresponding
to stars with logRX > −3.8 and logRX < −3.8. To iden-
tify whether one source belongs to the thin disk or thick
disk, we first defined one probability assuming that the
velocities (ULSR, VLSR, WLSR) follow a 3-D Gaussian
distribution (Guo et al. 2016):
Prob = c·exp{−
U2LSR
2σ2U
−
(VLSR − Vasym)
2
2σ2V
−
W 2LSR
2σ2W
}, (5)
where c = (2pi)−3/2(σUσV σW )
−1 normalizes the expres-
sion. Vasym is the asymmetric drift, and σU , σV , and σW
are the velocity dispersions in three dimensions, all of
which varies with different components (Guo et al. 2016).
Then we defined the probability ratio of belonging to the
thin disk or thick disk as
fthin/thick =
Probthin/thick
Probthin + Probthick + Probhalo
. (6)
We classified a star as being a good candidate star in the
thin disk or thick disk when this ratio is larger than 80%.
Figure 7 shows the classification of the sample stars in
the [α/Fe]-[Fe/H] diagram. The circles and triangles rep-
resents stars classified as in the thin disk or thick disk,
using the kinematic methods. The green dashed line in-
dicates the approximate border of thin disk and thick
disk from metallicity (Masseron & Gilmore 2015). Most
stars, both active and inactive, are identified as being in
the thin disk. Therefore, both the metallicity and veloc-
ity information show that the bimodality is not caused
by different location of the stars, i.e. the sampling effect.
Previous studies with Ca II HK, Hα, and X-ray
emission have found the bimodality of stellar activity,
with an active and inactive peak (e.g., Stocke et al.
1991; Henry et al. 1996; Wright 2004; Jenkins et al. 2006,
2008, 2011; Agu¨eros et al. 2009; Mart´ınez-Arna´iz et al.
2011; Pace 2013). The bimodality is explained as
one saturated and one non-saturated subpopulation
(Mart´ınez-Arna´iz et al. 2011; Katsova et al. 2016), and
can further be explained as one young and one old sub-
population. The latter one is often thought to be in-
active in chromospheric and X-ray emission, since the
magnetic activity decreases simultaneously as the rota-
tion decelerates with age (e.g., Mamajek & Hillenbrand
2008; Katsova & Livshits 2011).
The coronal temperature is known to be positively cor-
related with X-ray luminosity and stellar activity (e.g.,
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Vaiana 1983; Gu¨del 2004; Jeffries et al. 2006). The cause
of this relation between coronal temperature and lumi-
nosity could be that they are both functions of magnetic
activity (Gu¨del 2004). A more efficient dynamo inside
active stars (for example because of faster rotation) pro-
duces stronger magnetic fields in the corona, and conse-
quently a higher rate of field line reconnections and flares.
This results both in a larger density of energetic electrons
in the corona, and in higher temperatures. Therefore, we
suggest that the double-peaked distribution of RX rep-
resent a double-peaked distribution of heating rates, and
therefore coronal temperatures. We do not have direct
measurements of coronal temperatures for the stars in
our sample; however, we take the X-ray hardness ratio
as a proxy for the coronal temperature, because the ther-
mal plasma emission shifts progressively to higher pho-
ton energies for higher plasma temperatures. There is a
clear positive correlation between RX and HR (Figure
8), whcih means stronger X-ray emitters (higher RX)
have higher coronal temperatures. Chandra sources are
sometimes empirically classified into three groups: super-
soft, quasi-soft, and hard, based on their hardness ratios
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Figure 7. [α/Fe] versus [Fe/H]. The green line indicates the ap-
proximate border of thin disk and thick disk (Masseron & Gilmore
2015). The circles and triangles represents stars classified as in the
thin disk and thick disk, respectively, using the kinematic methods.
(Di Stefano & Kong 2003). Applying the same classifi-
cation to our sample stars, we find (Figure 9) that the
higher activity peak of the RX distribution in G- and K-
type stars is dominated by hard sources, and the lower
activity peak by quasi-soft and super-soft sources.
3.3. The Evolution of X-ray Activity
Previous studies have shown that X-ray luminous, sin-
gle, low-mass stars are the youngest (e.g., Telleschi et al.
2007), while older stars have typically lower X-ray lu-
minosities (Flaccomio et al. 2003; Feigelson et al. 2004;
Wright et al. 2010). This means that the X-ray emis-
sion decreases over the lifetime of the star. This is ex-
plained as a consequence of the stellar dynamo (e.g.,
8 He et al.
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Skumanich 1972; Flaccomio et al. 2003; Feigelson et al.
2004; Cranmer & Saar 2011): over time, a magnetized
stellar wind driven by the stellar dynamo leads to the
loss of angular momentum and the rotational spin-down
of the star, which reduces velocity shear at the tachocline
between the radiative and convective zones, resulting in a
reduced magnetic field (and therefore reduced activity).
Recently, many new results have been obtained about
the age-activity relation. An L-shaped relation was
found between the chromospheric activity (R
′
HK) and
age (Pace 2013): the chromospheric activity decreases
with age for stars younger than 2 Gyr, and there is
no decay of chromospheric activity after about 1.5–
2 Gyr (Lyra & Porto de Mello 2005; Sissa et al. 2016).
However, using SDSS observations of open clusters,
Zhao et al. (2013) found that the chromospheric activ-
ity gradually declines with age, extending to at least
∼8 Gyr. A steepening of the relation between activity
and rotation was reported for stars with ages between
1 and 10 Gyr, but was possibly attributed to a non-
representative sample of a few target objects. Several
improved age-activity relations extending to old late-type
stars have also been obtained (Mamajek & Hillenbrand
2008; Zˇerjal et al. 2017).
Xiang et al. (2017a) estimated ages and masses for
0.93 million main-sequence turnoff and subgiant stars, by
matching with stellar isochrones employing a Bayesian
algorithm, using effective temperatures, absolute magni-
tudes, metallicities ([Fe/H]), and α-element to iron abun-
dance ratios ([α/Fe]) deduced from the LAMOST spec-
tra. There are 16 A types, 60 F types, and 34 G types
with estimated ages and masses in our sample. We do
not find a clear trend between RX and age (Figure 10).
A trough with the lowest RX values around 2 Gyr is
consistent with Pace (2013), but the reason is not clear.
There are so few sources younger than 1 Gyr that we can-
not confirm whether the activity keep decreasing over the
first several hundred Myrs. There is also no clear trend
between HR and age.
3.4. Relation Between X-ray and Chromospheric
Activity
The X-ray emission and other activity indicators
are proxies of stellar magnetic activity (Testa et al.
2015). The X-ray activity shows a good correlation
with the activity indicators of chromosphere and tran-
sition region, e.g., Ca II HK emission (Vaiana 1983;
Schrijver et al. 1992; Sterzik & Schmitt 1997), Mg II
emission of dMe stars (Mathioudakis & Doyle 1989), and
Hα and UV emission of M dwarfs (Mart´ınez-Arna´iz et al.
2011; Stelzer et al. 2012, 2013). LAMOST provides us
with a good opportunity to study the relation between
X-ray activity and Hα emission.
First, we calculated the equivalent widths (EWs) of
the Hα emission line. The EW was calculated using the
following formula:
EW =
∫
f(λ)− f(0)
f(0)
dλ, (7)
where f(0) denotes the nearby pseudo-continuum flux.
In order to trace pure chromospheric emission, we cal-
culated the excess EW (hereafter EW′) by subtracting
a “basal line” of chromospheric emissions (Fang et al.
2018), which is constructed using those stars with Hα ab-
sorption lines (EW < 0). Then, we used the CK04 stellar
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atmosphere models (Castelli & Kurucz 2004) to trans-
form the EW′s to stellar surface fluxes of Hα emission
lines, fHα,sur (Yang et al. 2017). For each star, the model
with the most similar Teff , logg, and [Fe/H] was used. Fi-
nally, we determined the flux ratio fHα,sur/fbol,sur using
fbol,sur = σ T
4, and calculated the Hα emission index,
RHα = LHα/Lbol = fHα,sur/fbol,sur, to quantify stellar
chromospheric activity (Table 4).
Figure 11 shows a general power law dependence of RX
on RHα:
log RX = (1.16± 0.28)× log RHα + (1.22± 1.03). (8)
There are 20 K-type and 4 M-type stars in the RX–
RHα diagram. We propose the scatter in the relations
is caused by the non-simultaneous X-ray and Hα obser-
vations. However, Stelzer et al. (2013) reported that the
scatter may represent an intrinsic range of physical con-
ditions between the corona and chromosphere. It was re-
ported by Mart´ınez-Arna´iz et al. (2011) that in a sample
of late-type dwarf active stars with spectral types from
F to M, FX ∝ F
1.48±0.07
Hα . For M dwarfs, Stelzer et al.
(2013) derived RX ∝ R
1.90±0.31
Hα . In this paper, we have
obtained that RX ∝ R
1.12±0.30
Hα , a slightly flatter rela-
tion than found in those other studies. The discrepancy
may be due to our small sample size. In addition, we
are aware that the lack of simultaneous observations of
those two intrinsically varying properties (coronal and
chromospheric activities) introduces another source of
uncertainty in all these studies (Mart´ınez-Arna´iz et al.
2011).
3.5. Stars with X-ray Flares
Flares are in the center of the debate on the ori-
gin of coronal heating (Audard et al. 2000), with ev-
idence showing that (X-ray or U -band) flares can re-
lease a sufficient amount of energy to produce quiescent
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Table 4
Stars with Hα emission lines in our sample.
Object EWHα EW
′
Hα logRHα
A˚ A˚
(1) (2) (3) (4)
J004322.0+405752 1.95 ± 0.19 3.43 −3.5 ± 0.05
J004458.9+330431 0.51 ± 0.13 1.93 −3.72 ± 0.08
J013729.6+331230 1.82 ± 0.1 2.63 −3.64 ± 0.1
J022641.9+002811 0.35 ± 0.02 2.2 −3.59 ± 0.04
J024132.9+002053 2.48 ± 0.05 3.42 −3.48 ± 0.08
J033102.5+434758 0.65 ± 0.05 2.41 −3.62 ± 0.06
J034501.5+321050 0.78 ± 0.06 2.39 −3.58 ± 0.07
J034631.1+240702 1.64 ± 0.05 2.45 −3.69 ± 0.1
J040355.6+261652 1.35 ± 0.06 2.13 −3.93 ± 0.11
J054143.2−020353 1.03 ± 0.07 2.46 −3.62 ± 0.06
J054211.2−015943 0.85 ± 0.05 2.33 −3.66 ± 0.07
J063005.3+054540 2.1 ± 0.07 3.19 −3.46 ± 0.04
J063324.2+222837 8.96 ± 0.33 9.64 −3.29 ± 0.11
J071618.9+374451 1.69 ± 0.12 3.07 −3.49 ± 0.05
J095817.1+362216 1.17 ± 0.1 1.9 −3.89 ± 0.11
J095948.8−051413 0.93 ± 0.07 2.26 −3.63 ± 0.06
J111032.9+570633 1.99 ± 0.02 3.5 −3.39 ± 0.03
J111637.2+013249 1.26 ± 0.05 2.29 −3.72 ± 0.07
J122837.2+015720 2.19 ± 0.03 3.16 −3.54 ± 0.08
J131156.7−011311 0.78 ± 0.03 2.25 −3.66 ± 0.07
J203323.0+411222 1.69 ± 0.05 3.25 −3.44 ± 0.03
J203552.9+411503 1.39 ± 0.05 2.31 −3.79 ± 0.08
J223606.9+012603 1.31 ± 0.05 2.53 −3.65 ± 0.04
J224506.0+394016 0.98 ± 0.05 2.4 −3.62 ± 0.07
coronal emission (Doyle & Butler 1985; Skumanich 1985;
Pallavicini et al. 1990; Pandey & Singh 2008; Pye et al.
2015). The light curves of flares can help us under-
stand the characteristics of the coronal structures and,
therefore, of the magnetic field (Schmitt & Favata 1999;
Favata et al. 2000; Reale et al. 2004; Pandey & Singh
2008)
The X-ray emission from flares is indicative of very
energetic, transient phenomena, associated with en-
ergy release via magnetic reconnection (Pye et al. 2015).
X-ray flares differ considerably among different stars
(Benz & Gu¨del 2010), e.g., in shape (Cully et al. 1993;
Graffagnino et al. 1995; Osten & Brown 1999), peak lu-
minosity (≈1026–1033 erg s−1) and total energy (≈1028–
1037 erg) (Kuerster & Schmitt 1996; Gu¨del et al. 2002;
Osten et al. 2007; Getman et al. 2008), and rise and
decay times (Haisch et al. 1987; Tagliaferri et al. 1991;
Cully et al. 1994; Benz & Gu¨del 2010).
We selected stars with X-ray flares by eye (Table 5).
The light curves of the flares are clearly variable (Figure
12). Some flares are like compact solar flares with short
duration (e.g., J122837.2+015720); some flares show
quite long duration (e.g., J055207.8+322639); some flares
have a low rise shape (e.g., J063324.2+222837); some
flares have strong absorption (e.g., J193015.7+493209).
The morphological differences indicate different pro-
cesses of energy release in these flares (Pandey & Singh
2008). For example, compact flares suggest a quick en-
ergy release, while a prolonged energy release is preferred
for long decay flares (Pallavicini et al. 1977, 1988).
4. CONCLUSION
The Chandra and LAMOST data allow us to probe
stellar X-ray activity over a wide range of stellar parame-
ters. In this paper, we cross-matched the Chandra point
Table 5
Stars with X-ray flares in our sample.
Object Subclass ObsID Duration
(s)
(1) (2) (3) (4)
J004118.6+405159 G3 2049 4500
J055207.8+322639 G2 13656 43000
J063214.1+045627 A2IV 3750 >15000
J063324.2+222837 M3 4467 >20000
J122837.2+015720 M0 1712 4000
J131156.7-011311 K1 1663 4000
J151628.4+070241 K5 5807 15000
J155710.7+055321 K3 11363 >5000
J193015.7+493209 G9 13612 6000
J203323.0+411222 K0 10956 11000
J221802.3+022138 K1 2981 14000
J224506.0+394016 K4 2195 14000
source catalog (Wang et al. 2016b) and the LAMOST
database (DR4), and obtained a sample of 1086 stars
with X-ray emission and at least one LAMOST spectral
observation. Finally, the X-ray-to-bolometric luminosity
RX was estimated for 484 sources, for which the optical
magnitude and complete stellar parameters (Teff , logg,
E(B − V ), distance) can be obtained. Using this sam-
ple, we carefully studied the correlation between stellar
X-ray activity and stellar parameters. We are aware that
our sample is not unbiased, because the X-ray data come
from targeted observations. Therefore, our results must
not be taken as representative of the whole Galactic stel-
lar population, but rather as a hint for further investiga-
tions based on larger samples.
The main conclusions of this paper are summarized as
follows:
(1) The RX distributions of G and K stars show a
bimodal profile. Although our sample is not inhomoge-
neous, it is consistent with previous studies finding bi-
modal stellar activity. For G stars, there are more inac-
tive stars than active ones, while for K stars, more active
stars are apparent. This bimodality represents two sub-
populations with different coronal temperatures. Stars
with a hotter corona — observationally with a higher
hardness ratio — have a higher X-ray RX value. Using
metallicity and velocity information, we ascertain that
most of those G and K stars (both the active and in-
active ones) are located in the thin disk. Hence, the
observed bimodality cannot be associated to different
sub-populations in younger and older structures of the
Galaxy.
(2) There are ≈ 51 giants showing X-ray emission,
and some have high X-ray activity. This confirms previ-
ous observations of stellar activity (e.g., X-ray emission,
chromospheric emission, photometric variability) among
giants. However, one should note that some giants or
sub-giants showing stellar activity may be unrecognized
binary systems (O¨zdarcan & Dal 2018). Also, some A-
type stars show X-ray activity. Our data are not suf-
ficient to associate the X-ray emission to the A-type
stars themselves or their unresolved low-mass compan-
ions (Schro¨der & Schmitt 2007). These stars may be in-
teresting candidates for follow-up observations.
(3) We find no trend of RX with stellar age. How-
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Figure 12. Stars with X-ray flares. The red dashed lines show the beginning times and/or the ending times of the flares, which are
roughly determined by eyes.
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ever, owing to the small sample and the uncertainty on
our ages, we cannot confirm whether the activity still de-
creases with age after 2 Gyr or keeps constant for older
stars. A trough with the lowest RX values around 2 Gyr
seems consistent with Pace (2013), but the reason for
this dip is not clear.
(4) We calculated the Hα emission index RHα using
the EWs from LAMOST spectra. The proxy of coro-
nal activity (RX) and the proxy of chromospheric activ-
ity (RHα) show a positive tight correlation: log RX =
(1.16± 0.28)× log RHα + (1.22± 1.03).
(5) We studied the light-curve morphology of the flares
for twelve stars. The light curves show evident morpho-
logical differences (e.g., duration time and shape), indi-
cating different processes of energy release, and possibly
different coronal structures. We are currently planning
a follow-up study to search for stellar X-ray flares using
the Chandra archive, and investigate the flare properties
in different stellar types.
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